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Natural products comprise valuable sources for new antiparasitic drugs. Here we tested the effects of a
novel belapachone derivative on Trypanosoma cruzi parasite survival and proliferation and used mi-
croscopy and cytometry techniques to approach the mechanism(s) underlying parasite death. The
selectivity index determination indicate that the compound trypanocidal activity was over ten-fold more
cytotoxic to epimastigotes than to macrophages or splenocytes. Scanning electron microscopy analysis
revealed that the R72 belapachone derivative affected the T. cruzi morphology and surface topography.
General plasma membrane waving and blebbing particularly on the cytostome region were observed in
the R72-treated parasites. Transmission electron microscopy observations conﬁrmed the surface damage
at the cytostome opening vicinity. We also observed ultrastructural evidence of the autophagic mech-
anism termed macroautophagy. Some of the autophagosomes involved large portions of the parasite
cytoplasm and their fusion/conﬂuence may lead to necrotic parasite death. The remarkably enhanced
frequency of autophagy triggering was conﬁrmed by quantitating monodansylcadaverine labeling. Some
cells displayed evidence of chromatin pycnosis and nuclear fragmentation were detected. This latter
phenomenon was also indicated by DAPI staining of R72-treated cells. The apoptotis induction was
suggested to take place in circa one-third of the parasites assessed by annexin V labeling measured by
ﬂow cytometry. TUNEL staining corroborated the apoptosis induction. Propidium iodide labeling indicate
that at least 10% of the R72-treated parasites suffered necrosis within 24 h. The present data indicate that
the belapachone derivative R72 selectively triggers T. cruzi cell death, involving both apoptosis and
autophagy-induced necrosis.
© 2016 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Neglected tropical diseases cause over 100,000 deaths every
year (GBD 2013Mortality and Causes of Death Collaborators (2015))lo Moniz, Fundaç~ao Oswaldo
hia, Brazil.
s.vannier@pesquisador.cnpq.
Educaç~ao Tecnologica Celso
Ltd on behalf of Australian Society fand circa 10% of that is due to Chagas disease (World Health
Organization, 2016). This parasitic disease was discovered over a
century ago in Brazil and presently this nation spends at least US$
5.6 million/year for chagasic workers absenteeism and these losses
reach US$ 1.2 billion/year in southern Latin American countries
(World Health Organization, 2010). As effective vaccines for para-
sitic diseases are generally not available, chemotherapy remains of
pivotal importance in the ﬁght against such pathogens. Presently
only nifurtimox and benznidazole are used in chemotherapy, (only
the latter is used in Brazil) and both present important adverse
effects, which may be evidenced clinically (Castro et al., 2006;or Parasitology. This is an open access article under the CC BY-NC-ND license (http://
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structurally (De Castro et al., 2003; Bartel et al., 2007). Despite re-
ports of successful treatment of chronic infections in both human
(Moreira et al., 2013b; Aguiar et al., 2012; Viotti et al., 2011;
Hasslocher-Moreno et al., 2012) and experimental models (Garcia
et al., 2005) the effectiveness of chronic infection chemotherapy
is considered controversial (Pinazo et al., 2010; Matta Guedes et al.,
2012). Thus, the search for new effective drugs remains required.
Medicinal plants may provide many compounds with antipar-
asitic properties (Tagboto and Townson, 2001; Fournet and Mu~noz,
2002; Izumi et al., 2011; Wink, 2012) and nearly half of the drugs
listed as basic by the WHO are either natural or based on natural
compounds (Newman and Cragg, 2007). The synthetically modiﬁed
natural compounds may comprise an even more diversiﬁed source
of potential drugs, allowing studies of structure-activity relation-
ship against parasitic protozoa (e.g. Bernardino et al., 2006; Salas
et al., 2008; Souza-Neta et al., 2014). Natural plant-derived qui-
nones and their derivatives may exert multifactorial effects upon
distinct targets on antiparasitic chemotherapy (Pinto and Castro,
2009; Salas et al., 2008; Belorgey et al., 2013). Naphtoquinones
such as belapachone are natural products isolated from different
higher plant families and shown to present antimalarial (Carvalho
et al., 1988; De Andrade-Neto et al., 2004; Perez-Sacau et al.,
2005), giardicidal (Corre^a et al., 2009), leishmanicidal (Guimar~aes
et al., 2013) and trypanocidal activity against T. brucei (De Pahn
et al., 1988) and Trypanosoma cruzi (Boveris et al., 1978; Docampo
et al., 1978; Goijman and Stoppani, 1985; Pinto et al., 1997; 2000;
Menna-Barreto et al., 2005, 2007; 2009, 2014). Furthermore,
lapachone derivatives/analogues may display enhanced antipara-
sitic activity upon T. cruzi (Pinto et al., 1997; Ferreira et al., 2011;
Diogo et al., 2013).
The detailed understanding of parasite cell biology as well as the
ultrastructural alterations brought by lead compounds may furnish
chemotherapy approaches with information on target organelles/
pathways helping elucidating action mechanism(s) and thus
enabling an effective rational drug design (e.g. Vannier-Santos and
Lins, 2001; De Souza, 2002; Vannier-Santos et al., 2002; Rodrigues
and de Souza, 2008; Da Silva Júnior et al., 2008; Vannier-Santos and
De Castro, 2009; Menna-Barreto et al., 2009b). We have previously
shown that electron microscopy approaches may shed light on the
mechanism of action of antiparasitic compound(s) and natural
product derivatives on T. cruzi subcellular compartments (Menezes
et al., 2006; Souza-Neta et al., 2014; Sueth-Santiago et al., 2016).
Here we tested the belapachone derivative R72 effects upon
T. cruzi epimastigotes. Fluorescence and electron microscopy were
employed to approach the mechanisms underlying the parasite cell
death produced by the natural product derivative.
2. Material and methods
2.1. belapachone derivative
The synthesis of phosphorohydrazidic acid, N'-[(6Z)-3,4-
dihydro-2,2-dimethyl-5-oxo-2H-naphtho[1,2-b]pyran-6(5H)-yli-
dene]-bis(1-methylpropyl) ester, was performed by adding equi-
molar amount of phosphorohydrazidic acid, bis(1-methylpropyl)
ester, and blapachone in ethyl alcohol, with catalytic amounts of
concentrated hydrochloric acid (Fig. 1). The reaction mixture was
stirred at room temperature for 3 h. At the end of reaction, in order
to neutralize the reaction medium, a 10% sodium bicarbonate so-
lution was added. The resulting solution was transferred to a sep-
aratory funnel with equal amounts of water and methylene
chloride. After separation of the organic layer, anhydrous magne-
sium sulfate was added for complete removal of the water
remaining. The solvent of the resulting ﬁltered solution wasevaporated to give a yellow oil, which was puriﬁed by column
chromatography in hexane and ethyl acetate in the ratio 5:1. The
yield after this puriﬁcation was 66%. The belapachone derivative,
hereon termed R72, molecular model, synthesis pathway and NMR
spectrum are shown in Fig. 1.2.2. Parasites
Trypanosoma cruzi epimastigotes Y-strainwere cultured at 28 C
in LIT (liver infusion trypticase) medium supplemented with 10%
fetal calf serum, 100 mg/mL penicillin and streptomycin. Cultures
were inoculated with 107 cells/mL and parasites were harvested at
mid-log growth phase by centrifugation at 1000g and washed with
phosphate-buffered saline (PBS) three times before the experi-
ments. Parasite growth was assessed by daily counting on hemo-
cytometer chambers under phase contrast microscopy.2.3. Trypanocidal activity
The 5  105 parasites inocula were incubated in the presence or
absence of 10, 20, 30, 40 and 50 mM R72 for 96 h. Afterwards,
parasites were counted in Neubauer hemocytometer chambers
under phase-contrast microscopy. The IC50 value was determined
using the Graphpad Prism version 5.0 software.2.4. Transmission electron microscopy (TEM)
Parasites before and after incubation with 19 mM R72 for 48 h
were ﬁxed in 2.5% glutaraldehyde, 2% formaldehyde and 2.5 mM
CaCl2 in 0.1 M sodium cacodylate buffer pH 7.2, post-ﬁxed in 1%
OsO4, 0.8% potassium ferricyanide and 2.5 mM CaCl2 in the same
buffer for 60 min. Samples were dehydrated in acetone series and
embedded in Polybed resin. Thin sections obtained on diamond
knives were stained with aqueous solutions of 5% uranyl acetate
and 3% lead citrate for 30 min and 5 min, respectively. Samples
were observed under a JEOL 1230 or Zeiss 109 transmission elec-
tron microscopes.2.5. Scanning electron microscopy (SEM)
R72 treated and untreated parasites were ﬁxed and postﬁxed as
above, dehydrated in ethanol series, submitted to the critical point
drying method in a Balzers apparatus, mounted on stubs, and
metalized with a circa 20 nm-thick gold layer. Samples were
observed under a JEOL 5310 scanning electron microscope.2.6. Cytotoxicity assessment
Cells pellets of 106 Balb/c splenocytes or 105 peritoneal macro-
phages incubated for 24 h were solubilized in DMSO, transferred to
ﬂat-bottomed 96-well plates. Cytotoxic effects were determined as
cytotoxic concentrations (CC50) using the dye MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) method,
revealing activity of NAD(P)H-dependent oxidoreductases, by the
tetrazolium reducing into insoluble formazan read spectrometri-
cally at 540 nm in ELISA reader (Molecular Devices, Sunnyvale, CA).
Treated (12e1000 mM) and untreated cells were washed, kept in
Dulbecco's Modiﬁed Eagle Medium (DMEM) containing 10% (v/v)
MTT and incubated for 16 h. MTT reduction by macrophages or
splenocytes containing solely MTT and DMSO were employed as
controls (Menezes et al., 2006; Vannier-Santos et al., 2008). R72
Selectivity index was determined as the ratio of CC50 on mamma-
lian cells to IC50 on epimastigotes (CC50/IC50).
Fig. 1. Decoupled 31P Nuclear magnetic resonance spectrum of N’[(6Z)- 3,4- dihydro - 2,2- dimethyl - 5- oxo- 2H- naphthol [1,2-b] pyran - 6 (5H)- ilidene], ester di-sec-butylic
phosphorohydrazidic acid (R72). The R72 synthesis of was performed by adding equimolar amounts of phosphorohydrazidic acid, bis(1-methylpropyl) ester, and blapachone
in ethyl alcohol, with catalytic amounts of concentrated hydrochloric acid. In the detail: the molecular R72 structure.
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Parasites before and after incubation with 19 mM R72 for 24 h
were ﬁxed in formaldehyde, washed in PBS, adhered in poly-L-
lysine-coated coverslips and stained with 0.05 mM mono-
dansylcadaverine (MDC) or 1 mg/mL 40,6-diamidino-2-phenylindole
(DAPI) for detections localization of autophagic and nuclear com-
partments, respectively. Percentage cells displaying punctate
staining was determine by examination of over 500 cells per
experiment. Statistical analysis was performed using chi-square
with Yates correction (1 degree of freedom), with P < 0.0001
(two-tailed). Samples were analyzed in an Olympus BX51ﬂuor-
escence microscope or confocal microscope Leica SP8.2.8. Flow cytometry analysis
Epimastigotes (3  106 cells in 300 mL) incubated or not with
19 mMR72 for 24, 48 and 72 h were centrifuged at 1000g for 10 min
and washed twice in sterile PBS. Then 5  105 cells/mL were
incubated with 10 mg/mL annexin V-FITC and 5 mg/mL propidium
iodide (PI) for 24 h. Data collection and the analysis were conducted
using the FACScalibur ﬂow cytometer (Becton-Dickinson, San Jose,
USA). A total of at least 10,000 events were acquired on Diva soft-
ware version 6.1 and the gates were previously established for
T. cruzi cells. Double-negative cells were considered intact, whereas
double-positive cells were considered in late apoptosis/necroticcells. Annexinþ/PI cells are presumably in early apoptosis and the
annexin/PIþ may be considered necrotic. The cell permeant re-
agent 20,70 edichloroﬂuorescin diacetate (DCFDA) was used to
measure reactive oxygen species (ROS)-producing cells before and
after R72 treatment.
2.9. DNA fragmentation detection using TUNEL assays
T. cruzi epimastigotes (1  107) were incubated with 19 mM R72
or DMSO for 24 h for terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL). Cells were washed three times with
sterile PBS and ﬁxed in 4% paraformaldehyde for 1 h. Then parasites
were washed with PBS and permeabilized with a solution of 0.2%
Triton-X in PBS for 5 min. After permeabilization, samples were
washed with PBS resuspended Equilibration buffer (Promega kit
according to the manufacturer's instructions. Negative controls
were incubated with the same solution devoid of Terminal Deox-
ynucleotidyl Transferase Recombinant enzyme (rTdT), whereas
positive controls were incubated with 5 mg/mL DNAse for 5 min.
Data acquisition was performed by ﬂow cytometry (Becton Dick-
inson, San Diego, CA) and at least 10,000 events were acquired.
2.10. Statistical analysis
Comparisons between groups were performed by the unpaired
Student's t-test or one-way ANOVA and a posteriori Tukey's tests,
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P < 0.05 were considered signiﬁcant.2.11. Ethical aspects
All the procedures performed were approved by the Fiocruz
Ethics Committee for the Care and Use of Laboratory Animals (li-
cense no. 20/2015) and rigorously followed the ethics standards
guidelines of International Council for Laboratory Animal Science.3. Results
3.1. Parasite multiplication
T. cruzi epimastigote proliferation/survival assessed 96 h after
R72 b-lapachone derivative addition (Fig. 2A). The naphtoquinone
signiﬁcantly (p < 0.05) diminished the protozoan proliferation at
20 mM and the inhibition was highly signiﬁcant (p < 0.001) at
30e50 mM, producing 19 mM IC50.3.2. Cytotoxicity
In order to test its possible selectivity, the compound was
assayed on mammalian cells. The murine splenocyte and macro-
phage viabilities were approached using the MTT method before
and after R72 addition. We notice that the b-lapachone derivative
R72 was much less toxic to murine macrophages (Fig. 2B) and
splenocytes (Fig. 2C), as viability assessed by the MTT method,
produced CC50 values of 243 mM and 212 mM, respectively
(*p < 0.05). Therefore, the selectivity indexes obtained for these cell
types were 12.78 and 11.15, respectively.3.3. Parasite morphology and topography
SEM was employed to analyze the R72-treated parasite
morphology and surface topology. Contrary to controls (Fig. 3A and
B), the R72-treated parasites often displayed plasma membrane
wavy patterns and blebbing was observed particularly in the
cytostome area (Fig. 3C).
Transmission electron microscopy (TEM) was used to analyze
the R72 effects on the parasite subcellular organization. TEM im-
ages corroborated the asymmetric alteration of the epimastigote
cytostome (Fig. 4A and B). The effect appeared to be exerted on the
cytostome opening membrane whereas the microtubular cyto-
pharinx remained undamaged. R72-treated parasites also pre-
sented enlarged mitochondria with unusual kDNA arrays (Fig. 4C)
and supernumerary basal bodies (Fig. 4D).Fig. 2. Inhibitory effect of the b-lapachone derivative R72 upon T. cruzi in vitro proliferation.
counted under phase microscopy after 96 h. The compound signiﬁcantly (*p < 0.05; **p <
effect of the b-lapachone derivative R72 upon murine macrophage (B) and splenocyte (C)
respectively (*p < 0.05). The selectivity indexes (CC50/IC50) determined for these cell types
experiments performed in triplicates. Statistical analysis was performed using ANOVA and3.4. ROS generation
ROS production accessed by the use of the cell permeant probe
DCFDA. Contrary to untreated controls (Fig. 5A), which showed no
signiﬁcant labeling, parasites incubated with R72 for 1 h (Fig. 5B),
3 h (Fig. 5C) and 24 h (Fig. 5D), displayed, respectively, 93.6%, 53.7%
and 41.1% DCFDA-positive cells.3.5. Mechanisms of parasite cell death
Pycnotic nuclei were eventually observed in the derivative-
treated parasites (Fig. 6A) and some presented nuclear envelope
protrusions and structures suggesting nuclear fragmentation
(Fig. 6B), what was conﬁrmed by DAPI DNA staining (Fig. 6C and D).
Flow cytometry analysis of T. cruzi epimastigotes was employed
to verify the cell death mechanism(s) triggered by R72 (Fig. 7).
Parasites were coincubated with annexin V (aV) and PI, probes to
evaluate phosphatidylserine expression and membrane disconti-
nuity, respectively. Untreated control parasites displayed 91.2% of
double negative cells (Fig. 7 A), whereas cultures incubated with
R72 for 24 h were 16.8% PI-negative, but annexin V-positive, indi-
cating cells undergoing apoptosis (Fig. 7 B). The 12.2% PI-positive
and aV-positive cells, presumably correspond to late apoptosis/
secondary necrosis.
In order to test whether DNA fragmentation took place,
corroborating the aV indication of apoptosis, we performed TUNEL
assays. Parasites incubated with 19 mMR72 for 24 h displayed 93.3%
labeled cells assessed by ﬂow cytometry (Fig. 8).
The probe MDC was used to test the autophagy induction was
monitored by ﬂuorescence microscopy (Fig. 9A B). Contrary to
untreated or DMSO-treated controls (A), R72-treated parasites
displayed numerous, often apposed, compartments of distinct di-
mensions, often ﬁlling large portions of the parasite cell volume (B
e inset). MDC-positive parasite quantitation by ﬂuorescence mi-
croscopy (Fig. 9C) indicate that the b-lapachone derivative doubled
autophagosome formation (P < 0.0001).
TEM images demonstrate the b-lapachone derivative triggered
the biogenesis of autophagosomes presenting organelles such as
mitochondria (Fig. 10A), membrane proﬁles and ribosome-like
aggregated particles (Fig. 10B). Eventually the autophagosomes
underwent cumulative fusion, giving rise to large compartments,
ultimately leading to parasite cell rupture (Fig. 10C).4. Discussion
Here the T. cruzi epimastigote developmental formwas assayed,
although this insect-dwelling stage is unable to establish
mammalian infection. Nevertheless it may furnish signiﬁcant in-
sights for the infection chemotherapy, as b-lapachone was reported
to produce similar alterations in T. cruzi epimastigotes, amastigotesEpimastigote forms were cultured in the presence of different R72 concentrations and
0.001) impaired the parasite proliferation producing a 19 mM IC50value (A). Inhibitory
viability assessed by the MTT method, produced CC50 values of 243 mM and 212 mM,
were 12.78 and 11.15, respectively. These data are mean of at least three independent
Tukey post-test.
Fig. 3. Scanning electron microscopy (SEM) of untreated (A) and DMSO-treated (B) controls, where the normal cytostome opening is evident (B, arrow). R72-treated parasites
displayed rufﬂed plasma membrane and blebbing (*) was observed particularly in the cytostome opening area (C, arrow).
Fig. 4. Contrary to the regular cytostomes in DMSO-treated parasites observed by TEM (A, arrow), R72-treated parasites presented debris-associated damaged cytostome opening
(B, arrow), but the cytopharinx microtubules apparently remained intact (B, *). DMSO-treated parasites showed no alteration as compared to untreated cells. Some R72-treated
parasites displayed large kinetoplasts (C - K) with altered kDNA compacting pattern (arrowhead) as well as supernumerary basal bodies (Fig. 4C arrowheads). Bars e 500 nm.
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forms that multiply within mammalian host cells and spread via
blood, respectively. In addition, different antiparasitic compounds
may display similar effects upon epimastigotes and trypomasti-
gotes and/or amastigotes, the developmental forms (Urbina et al.,
1988, 1993; Moreira et al., 2013a; Costa et al., 2011; Azeredo
et al., 2014; Díaz et al., 2014; Jimenez et al., 2014; Veiga-Santos
et al., 2014; Britta et al., 2015; Meira et al., 2015; Volpato et al.,
2015; Beer et al., 2016) and the epimastigotes may therefore
comprise and/or take part in experimental models (Kessler et al.,
2013; Benítez et al., 2014; Sangenito et al., 2014; Wong-Baeza
et al., 2015; Khare et al., 2015; Pessoa et al., 2016; Valera Vera
et al., 2016). Thus, numerous studies perform screening experi-
ments with epimastigotes and/or trypomastigotes further
approach the selected active compounds in intracellular amasti-
gotes (e.g. Pizzolatti et al., 2003; Molina-Garza et al., 2014; Legarda-
Ceballos et al., 2015; Olivera et al., 2015) or in vivo.
The b-lapachone-induced oxygen intermediates are able to
damage cell membranes giving rise to necrosis (Bey et al., 2013)
and/or inducing caspase-dependent or independent apoptosis(Pink et al., 2000; Pardee et al., 2002). Nevertheless, lapachone-
induced ROS generation was also shown to trigger autophagic
process causing glioma cell death (Park et al., 2011). Autophagy was
reported to be a programed (Green and Levine, 2014) or incidental
(Proto et al., 2013) cell death process. Similarly ganglioside-induced
ROS are involved in autophagic cell death of astrocytes (Hwang
et al., 2010) and lipid rafts are involved in the process. The sur-
face alteration revealed here by SEM and TEM in the parasite
cytostome area may result from the different composition of this
surface domain. Ultrastructural cytochemistry procedures
demonstrated that the cytostome opening displays a different
membrane composition and lectin labeling revealed the presence
of glycoconjugates (Pimenta et al., 1989). This membrane area in
T. cruzi was shown to function as lipid rafts (Corre^a et al., 2007). It
was demonstrated that ROS can disrupt lipid rafts (Premasekharan
et al., 2011) and these membrane domains are involved ethanol-
induced oxidative stress in hepatocytes (Nourissat et al., 2008).
Benzo[a]pyrene and ethanol trigger oxidative stress and lipid raft
aggregation in rat hepatocytes (Collin et al., 2014). This effect is
associated to lipid peroxidation and phospholipase C translocation
Fig. 5. ROS production accessed by ﬂow cytometry of parasites incubated with the cell permeant probe reagent 20 ,7’ edichloroﬂuorescein diacetate (DCFDA). Untreated parasite
controls displayed circa 0.9% stained cells (A), whereas parasites incubated with 19 mM R72 for 1 h (B), 3 h (C) and 24 h (D) presented, respectively 93.6%, 53.7% and 41.1% DCFDA-
positive cells.
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some membrane permeabilization and b-lapachone was also re-
ported to disrupt lipid rafts in Giardia lamblia trophozoites (Corre^a
et al., 2009).
Since the cytostome is involved in the parasite nutrition (Okuda
et al., 1999), the b-lapachone derivative-mediated disorganization
of this membrane domain may restrain the nutrient uptake by the
cell, presumably triggering autophagy. The autophagic process
comprises a homeostatic mechanism protecting different cell types
from stress conditions (Heymann, 2006), such as antiparasitic
drugs or xenobiotics (Vannier-Santos and De Castro, 2009; Souza-
Neta et al., 2014), involved in T. cruzi nutritional stress and differ-
entiation (Alvarez et al., 2008). Mitochondrial swelling and altered
kDNA array were also reported on T. cruzi after incubation with a b-
lapachone derivative (Menna-Barreto et al., 2007). The supernu-
merary basal bodies in R72-treated parasites, as this structure or-
chestrates trypanosomatid parasite cell division and differentiation
(Vaughan and Gull, 2016). Supernumerary centrosomes are indic-
ative of cell pathology and drug-induced stress may cause the
biogenesis of multiﬂagellate T. cruzi (Grellier et al., 1999) and
Leishmania amazonensis (Borges et al., 2005). Hydrogen peroxide
(Chae et al., 2005) and ROS-mediated autophagy (Pannu et al.,
2012) are associated to centrosome ampliﬁcation. Oxidative stress
triggers centrosome ampliﬁcation in Drosophila cells (Park et al.,
2014a,b) and takes part in HeLa cells centrosome organization
(Bollineni et al., 2014) and human centrin 2 radiolytical oxidation
causes centrosome duplication abnormalities (Blouquit et al.,
2007). The kDNA alteration of R72-treated parasites maybe
caused by the oxidative stress, as the ROS-producing mitochondria
are also affected by naphthoquinones (reviewed in Menna-Barretoand de Castro, 2014) and lapachone was shown to affect Crithidia
fasciculata kinetoplasts (Biscardi et al., 2001).
It is well-known that b-lapachone (Docampo et al., 1978; Boveris
et al., 1978) and its derivatives (Gonçalves et al., 1980) lead to the
generation of ROS such as superoxide anion and hydrogen peroxide
and ROS generation by R72-treated parasites was corroborated by
DCFDA labeling by ﬂow cytometry. Naphtoquinones, b-lapachone
derivatives may trigger distinct cell death pathways in T. cruzi
parasites including autophagic, apoptotic-like and necrosis
(Menna-Barreto et al., 2009a,c) and so it was interesting to eluci-
date the mode of action involved in R72 selective trypanocidal
activity. It was shown that a naphtoquinone derivative can not only
produce ROS in the mitochondrion but also inhibit glycosomal
enzymes glycerol kinase and glyceraldehyde-3-phosphate dehy-
drogenase (Pieretti et al., 2013). Docampo et al. (1978), noticed a
patchy chromatin distribution which presumably corresponds to
the apoptosis-associated pycnosis well-known presently. Evidence
of nuclear fragmentation and autophagosome formation may be
detected in the micrographs presented in this early work. The b-
lapachone action upon chromatin organization may be due to the
direct damage by free radicals (Docampo et al., 1978) and modu-
lation of DNA topoisomerase 1 (Pardee et al., 2002). 3-allyl-b-
lapachone was assayed on T. cruzi epimastigotes and tripomasti-
gotes, causing chromatin patchy distribution, mitochondrial
disruption, associated to H2O2 production and lipid peroxidation
(Gonçalves et al., 1980).
As DAPI was successfully employed for detection of nuclear
fragmentation in diverse cell types (e.g. Hamel et al., 1996; Datta
et al., 1997; Casiano et al., 1998; Krysko et al., 2001), including
T. cruzi epimastigotas (Jimenez et al., 2008), we used the probe to
Fig. 6. R72-treated parasites eventually presented pycnotic nuclei (A - N, *) and some TEM images displayed nuclear protrusions (B arrows) and compartments of similar content
suggesting budding of nuclear fragments (B, arrowhead). Fluorescence microscopy using the DNA probe DAPI revealed the normal nucleus and kinetoplast labeling of both un-
treated and DMSO-treated control cells (C arrows arrowheads) and showed evidence of nuclear fragmentation in some R72-treated parasites (D, arrowhead).
Fig. 7. Cell death mechanism(s) in R72-treated parasites evaluation by ﬂow cytometry, in cells coincubated with PI and annexin V probes. Untreated controls displayed 91.2% of
double negative cells (A), whereas cultures incubated with 19 mM R72 for 24 h (B) displayed 16.8% PI-negative, but annexin V-positive, indicating cells undergoing apoptosis as well
as 12.2% PI-positive and AV-positive cells, corresponding to late apoptosis/secondary necrosis. DMSO-treated controls were not labeled.
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R72-treated parasites. Nuclear fragmentation was also indicated by
MET. The TUNEL assay also conﬁrmed DNA fragmentation. Never-
theless the TUNEL technique fails to discriminate between
apoptotic and necrotic cell death pathways (Grasl-Kraupp et al.,
1995) as necrotic cells can also be labeled (Charriaut-Marlangue
and Ben-Ari, 1995). As the TUNEL labeling was detected in over
90% of the cells (higher staining than the DNAse positive control),
whereas the aVþ and PI cells were solely 16.8% is reasonable toinfer that most cells in autophagy and early apoptosis rapidly
evolved to necrotic cell death, associated to DNA fragmentation.
The chromatin condensation and nuclear protrusions/fragmenta-
tion as well as phosphatidylserine expression are consistent with
apoptosis induction rather than necrosis, but these events were
uncommon and the extent of necrosis based on PI labeling by ﬂow
cytometry of R72-treated parasites was circa 20% and may be
underestimated since it was previously shown that primary
necrotic cells may display annexin V-positive/PI-negative staining
Fig. 8. DNA fragmentation detection employing the TUNEL method. 107T. cruzi epimastigotes incubated or not with 19 mM R72 for 24 h were analyzed by ﬂow cytometry. Negative
Control (A) assayed in the absence of rTdT (recombinant terminal deoxynucleotidyl transferase) and DMSO-treated parasites (B) displayed similar patterns, with no stained cells in
the gate, whereas positive control, employing DNAse (C) and R72-treated parasites (D) showed TUNEL staining on 77.6% and 93.3% cells, respectively.
Fig. 9. Detection of autophagic process by the probe monodansylcadaverine (MDC). Untreated parasites were poorly and diffusely labelled (A), whereas R72-treated cells displayed
numerous and often closely apposed strongly labelled compartments (B). Insets show individual MDC-labelled cells. DMSO-treated parasites showed no alteration as compared to
untreated cells (not shown). Quantitation of cells displaying monodansylcadaverine-labeled compartments by ﬂuorescence microscopy (C). The frequency of parasites presenting
MDCþ compartments was determined by counting of over 260 cells per group. About 36% of untreated control parasites presented MDC punctate labelling, whereas nearly 83% of
parasites grown with 19 mM R72 showed. MDC-stained autophagosomes. Chi-square with Yates correction (1 degree of freedom), equals 7018.369 with P < 0.0001 (two-tailed, ***).
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indicates that ROS generation proceeded up to at least 72 h.
Oxidative stress may play multiple roles in autophagic process.
ROS production is generally associated with increased autophagy
(Bolisetty and Jaimes, 2013; Wen et al., 2013), in pathways depen-
dent on PI3K, beclin, p53, p38 ERK, Atg5, Atg4 etc., whereas HO-causes lysosomal dysfunction, inhibiting autophagy (Dodson et al.,
2013). The trypanosomatid apoptosis does not follow canonical
pathways, lacking regulators/effectors, such as caspases, Bcl-2 or
TNF-related receptors (Smirlis and Soteriadou, 2011) and the
occurrence of programmed death pathways in protozoa remains
controversial (Proto et al., 2013). b-lapachone triggers necrosis via
Fig. 10. Autophagic vacuoles (AV) presenting mitochondrial portion (AeM), membrane proﬁles (B, arrow) and ribosome-like particles (B, *) were observed in R72-treated parasites.
Note that cytoplasmic intact mitochondria may be still observed in the cytoplasm (A, arrow). Compartments lined by double membranes were often observed enveloping
condensed mitochondrion fragment (C, thick arrow) and eventually the autophagosome fusion events (C, black arrowheads) formed huge compartments, containing membrane
remnants (C, *), which could be associated to parasite cell surface continuity solution (thin arrow). Note condensed mitochondria displaying dilated cristae (C, white arrowheads).
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regulator of the DNA damage response pathway (Herceg andWang,
2001). PARP is involved in b-lapachone-induced necrotic cell death
in human osteosarcoma cells (Liu et al., 2002) and it was recently
shown that necrosis may be dependent on JNK or Ca2þ/calpain
pathways (Douglas and Baines, 2014).
The b-lapachone-mediated ROS production in a catalase-
sensitive way triggers autophagic cancer cell death (Bey et al.,
2013), as well as programmed necrosis or necroptosis in a mecha-
nism involving receptor interacting protein (RIP)1, PARP-1 and
apoptosis-inducing factor (AIF; Park et al., 2014a,b). In this regard, it
is noteworthy that PARP activity was reported in all T. cruzi devel-
opmental stages (Fernandez Villamil et al., 2008).
The lapachone-induced mitochondrial dilation and autophagy
(mitophagy) mechanisms depend on the production of ROS
(Salom~ao et al., 2013). The R72-treated parasites not only removed
mitochondrial portions by mitophagy, but also showed mitochon-
dria in the condensed conﬁguration with distended cristae, long
known to be metabolically inactive (Hackenbrock et al., 1971). b-
lapachone action is largely dependent on calcium inﬂux that may
lead to mitochondrial membrane depolarization (Tagliarino et al.,
2001), possibly inducing mitophagy in R72-treated parasites. It is
noteworthy that calcium is involved in apoptosis, necrosis and
autophagy (Giorgi et al., 2008) and may both trigger and suppress
autophagy/mitophagy (East and Campanella, 2013).
The observation of parasites displaying mitochondrial portions
within autophagic vacuoles and parts of the organelle still in the
cytoplasm indicate that this protozoan also performsmitochondrial
ﬁssion a processes required for mitophagy (Kim et al., 2007),
particularly in trypanosomatid parasite cells that display a single
mitochondrion (Vannier-Santos et al., 2002). Similarly a triazolic
naphthofuranquinone was shown to induce autophagy in T. cruzi(Fernandes et al., 2012). This process may be caused by b-lapa-
chone-mediated ROS production as oxidative stress was shown to
trigger mitochondrial ﬁssion and mitophagy (Frank et al., 2012).
Furthermore, Mitochondrial oxidative stress is involved in astro-
cyte necrotic cell death (Jacobson and Duchen, 2002) and a b-
lapachone derivative was reported to produce apoptosis and ne-
crosis simultaneously in HL-60 cells (Araújo et al., 2012). In addi-
tion, the secondary necrosis may comprise the natural outcome of
apoptosis (Silva, 2010) and necrosis subsequently takes place
following apoptosis in HeLa cells (Xie et al., 2013), epithelial cells
incubated with Candida albicans (Villar and Zhao, 2010) and in the
Cnidarian Hydractinia symbiolongicarpus (Buss et al., 2012) in a
process that may be termed “secondary necrosis” (Silva et al.,
2008).
Formerly understood as discrete cell death pathways, now
apoptosis, autophagy and necrosis/necroptosis are seen as inter-
dependent showing an intricate regulation and cross-talk
(Chaabane et al., 2013; Jain et al., 2013). ATP depletion may
switch human T cell death from apoptosis to necrosis (Leist et al.,
1997). In this regard the naphthoquinone effects on T. cruzi were
shown to be exerted on mitochondria (Menna-Barreto et al.,
2009a,b,c, 2014), where ROS are produced by b-lapachone treated
T. cruzi (Boveris et al., 1978). Therefore mitochondrial function ar-
rest may comprise an antioxidant defence (Oliveira and Oliveira,
2002) as reported for Aedes aegypti muscle (Gonçalves et al.,
2009). Hence, mitophagy and mitochondrial loss of function may
lead to metabolic deﬁcit, possibly promoting parasite necrosis. b-
lapachone and its derivatives were shown to trigger apoptosis and
autophagy in both parasites (Docampo et al., 1978; Menna-Barreto
et al., 2009; Salom~ao et al., 2013) and tumor cells (Li et al., 1999,
2003; Park et al., 2011; Di Rosso et al., 2013), involving the forma-
tion of ROS (Araújo et al., 2012; Salom~ao et al., 2013).
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et al., 2012) by autophagy in pancreatic cells and breast cancer cells,
respectively. Furthermore, autophagy is required for necrosis in
Caenorhabditis elegans (Samara et al., 2008). The ultrastructural
analysis reported here indicate that R72-induced autophagy may
lead to cumulative vesicle fusion, culminating in fusion/disrupture
of parasite cell membrane. The cumulative fusion of compartments
such as autophagosomes, indicated by MDC labelling and TEM,
apparently led to the lysis of R72-treated parasites. Similarly,
organelle fusion events taking place during autophagic process
may cause in necroptosis in human polymorphonuclear cells
(Mihalache et al., 2011). Thus, exacerbated autophagy may lead to
incidental necrosis, corroborating the hypothesis of Proto et al.
(2013). Interestingly necroptosis may depend on autophagy as re-
ported in leukemia cells (Bonapace et al., 2010). Additionally the
lipid peroxidation caused by ROS production may enhance mem-
brane fusogenicity of cellular compartments (Almeida et al., 1994),
possibly promoting incidental autophagic parasite cell death. A b-
lapachone derivative was shown to produce catastrophic vacuoli-
zation in tumor cells (Ma et al., 2015). The remarkable compart-
ment fusion in R72-treated parasites may lead to necrosis via
cumulative fusion as in the compound exocytosis reported in
eosinophil leukocytes (Scepek et al., 1994; Hafez et al., 2003).
The present data indicate that selective b-lapachone derivatives
may comprise useful tools in development of trypanocidal drugs
and that parasite architecture approach may elucidate the modes of
action of antiparasitic natural products.
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